Although phytase has been researched, new enzymes have been produced, leading to different animal responses. In this scenario, the present study proposes to evaluate the inclusion of a bacterial phytase produced by Escherichia coli in broiler diets based on corn and soybean meal, with or without nutrient reductions, on the performance, nutrient digestibility, phosphorus bioavailability, and bone minerals of those animals and on the economic viability of this practice. A total of 896 male broiler chickens were distributed into 32 experimental units, each housing 28 broilers. The experiment was set up as a completely randomized design with four treatments (Positive Control (PC)-diet meeting the nutritional requirements of the broiler chickens; Negative Control (NC) with reductions of 100kcal/kg of ME, 0.14% av P and 0.11% t Ca; NC + phytase (500 FTU/kg); PC + phytase (500FTU/kg)) and 8 replicates. Phytase increased (p < 0.05) feed intake and body weight gain and improved feed conversion ratio in starter (1 to 21 days) and total (1 to 42 days) phases, respectively, compared with Negative Control diet without supplementation. The Negative Control + phytase diet also led to a feed intake similar to Positive Control in the starter and total phases. The inclusion of phytase without nutrient reductions improved (p < 0.05) feed conversion ratio in the starter phase, compared to Positive Control diet. There was an increase (p < 0.05) in the digestibility of dry matter, crude protein and phosphorus and in apparent digestible energy in the Negative Control + phytase diet compared to the Negative Control diet. Phytase supplementation increased (p < 0.05) the digestibility of crude protein, calcium and phosphorus, and apparent digestible energy compared to Positive Control diet. Ash, phosphorus, and calcium contents were higher in the Negative Control + phytase diet compared with those observed in the Negative Control diet without enzyme (p < 0.05). The Positive Control + phytase diet provided higher ash contents (p < 0.05), but calcium and phosphorus deposition was similar to those obtained with Positive Control diet. Phytase inclusion allows for a reduction in the diet cost per ton of produced feed. In conclusion, dietary supplementation with bacterial phytase produced from Escherichia coli for broiler chickens is recommended, as it provided increases in production performance, nutrient digestibility, and energy metabolizability and a reduction in the diet cost. Key words: Bioavailability. Calcium. Exogenous enzyme. Phosphorus. Poultry production. 
Introduction
The high cost of inorganic phosphate has influenced the direction of research and the industry to discover alternative sources of phosphorus (P) or improve the availability of P, for broilers. The phytase enzyme has been highlighted in the nutrition of non-ruminants as a tool to reduce the dietary inclusion of inorganic P and to decrease nutrient excretion through the excreta (WALDROUP et al., 2000; GRAÑA et al., 2013) . With the growth and narrowing of an increasingly demanding market in terms of sustainability, poultry production has been under heavy pressure in the world, which has raised the importance of phytase. The phytase market generates billions of dollars per year (ADEOLA; COWIESON, 2011) , creating many jobs directly or indirectly.
Corn and soybean meal contain a considerable amount of P present in the myo-inositol hexaphosphate complex molecule, which is a molecule formed by ionizable phosphate (NELSON; COX, 2014) that is capable of retaining cations, carbohydrates, microminerals, amino acids and some digestive enzymes (SEBASTIAN et al., 1998; SOHAIL; ROLAND, 1999; RAVINDRAN et al., 1999; RAVINDRAN, 2007; COULIBALY et al., 2011) . Because broiler chickens do not produce endogenous phytase to release this P, the association between phytase and cereals generates a great potential for the release of these nutrients.
Although phytase has been researched, new enzymes have been produced, leading to different animal responses. The Escherichia coli-derived phytase is a 6-phytase because it hydrolyses the myo-inositol molecule at position 6 with a pH around 4.5 (RAGGON et al., 2008) . In addition, it is highly stable in the gastro-intestinal tract of broilers. Proteolytic enzymes do not break phytase in the intestinal tract. Moreover, phytase works close to the optimal pH of pepsin (AUGSPURGER et al., 2003; PILLAI et al., 2006) . However, its production incurs high costs and much water is spent in the process (PANDEY et al., 2001) . Some studies have shown that supplementation with Escherichia coli-derived phytase improves performance, metabolizable energy, nutrient digestibility, as well as bone retention of Ca and P in birds (DILGER et al., 2004; ONYANGO et al., 2005; ADEOLA, 2010; RIBEIRO JUNIOR et al., 2016) .
On these bases, the present study was undertaken to examine the inclusion of a phytase produced by Escherichia coli in broiler diets based on corn and soybean meal, with or without nutrient reductions on the performance, nutrient digestibility, phosphorus bioavailability, and bone minerals of those animals and on the economic viability of this practice.
Materials and Methods
The trial was conducted at the Laboratory of Poultry Sciences at the Department of Animal Science, Faculty of Agriculture and Veterinary Sciences -UNESP, located in Jaboticabal-SP, Brazil. All experimental procedures were approved by the Ethics Committee on Animal Use (CEUA -018760/14).
The broilers were housed in an experimental facility, with a tunnel-type system to control the environment. Temperature, humidity and air exchange were controlled automatically by exhaust fans and a climate control system, according to the age of the birds (COBB GUIDELINES, 2012) . During the starter phase, incandescent lamps were used as a heating source according to the needs of poultry. Shavings litter, nipple drinkers and tubular feeders were used in all experimental plots. Infant tubular feeders were used until 14 days of age, which were then replaced by adult tubular feeders.
Water and feed were offered ad libitum during the entire trial period. The lighting program was set as 24 h of light daily. All birds were vaccinated with the challenge of the region: at the hatchery, against Marek and Gumboro diseases, and at 12 days of age, against New Castle, via water.
A total of 896 one-day-old Cobb 500 male chicks were weighed (46 ± 1 g each) and distributed into each treatment with similar mean body weights. The broilers were evaluated in a completely randomized design with four treatments and eight replicates, in which they were allocated to 32 pens (1.0 x 3.0 m) that housed 28 chicks each. The following treatments were tested: Positive Control (PC) -diet meeting the nutritional requirements of the broiler chickens; Negative Control (NC) -reduction of 100 kcal/kg of metabolizable energy (ME), 0.14% available phosphorus ( av P) and 0.11% total calcium ( t Ca); NC + Phytase (500 FTU/kg), and PC + Phytase (500 FTU/kg).
The Positive Control diets were formulated to meet the nutritional requirements of broilers based on the recommendations of the Brazilian Tables for  Poultry and Swine ( ROSTAGNO et al., 2011) . Table  1 describes the control diets and their nutritional compositions for the starter (1-14 days), grower (15-28 days) and finisher (29-42 days) phases. The phytase was produced by bacteria of the genus Escherichia coli (Phytafeed GR 5000G), by the Pintaluba Group (Reus, Spain).
Broilers and orts were weighed at 21 and 42 days of age. The following performance parameters were evaluated: feed intake, body weight gain, feed conversion ratio and viability. Mortality was recorded daily and was used to adjust the total number of broilers to determine feed intake and feed conversion ratio (SAKOMURA; .
Nutrient digestibility was determined based on the ileal digestibility, using a source of silica, (Celite) as a marker, which was added to all experimental diets at 14 days of age at 1%. At 21 days of age, ten broilers from each experimental unit were chosen at random and slaughtered by electronarcosis followed by exsanguination. Immediately after slaughter, the ileum was exposed by an abdominal incision, and a segment of 20 cm, which ends at 4 cm from the ileocecal junction, was removed and its contents were collected in a plastic container identified by treatment and replicate. The broilers were stimulated to consume feed four hours before slaughter to collect ileum intestinal contents. After collection, the digesta was frozen for later analysis. It was later thawed at room temperature and the samples were homogenized, weighed again, frozen and lyophilized at a temperature of -80°C for 72 h. After that, they were ground through an A11 basic analytical mill (IKA) and then sent to laboratory for analysis along with samples of the experimental diets.
The dry matter, gross energy, nitrogen, phosphorus, calcium, and acid insoluble ash (AIA) contents of the samples of digesta and diets were determined. Nitrogen was analyzed by the Kjeldahl method, while dry matter (final drying), calcium and phosphorus were determined by nitric-perchloric digestion (SILVA; QUEIROZ, 2009). For the determination of gross energy, the samples were pelleted and subjected to combustion in the bomb calorimeter. For the calculations of digestibility, AIA, the indigestible fraction present in diets and digesta was determined.
The digestibility of dry matter, crude protein, calcium and phosphorus and the apparent digestible energy were calculated based on the analysis of diets and ileal digesta, according to Sakomura and Rostagno (2016) .
At 21 days of age, two birds from each experimental unit were sampled and their tibias were removed, placed in labeled plastic bags according to the pen and frozen. Once thawed, the tibias were stripped, identified and dried in a ventilated oven at 100ºC for 24 h. The excess fat was removed by immersing the tibias in ethyl ether until the total disappearance of fat. They were then dried in a ventilated oven again at 100°C for 24 h. After that, the tibias were individually weighed on a precision scale and ground through a ball mill to determine the ash, calcium and phosphorus contents (SILVA; QUEIROZ, 2009).
Phosphorus bioavailability was calculated using the standard curve concept. To establish the standard curve, the intake of supplemental phosphorus (ISP) in Positive control and Negative control treatments was calculated according to the following equation:
Supplemental phosphorus was considered null in the most limiting treatment (Negative Control) and 0.14% for Positive Control, which was the difference in av P between Negative Control and the other treatments. The ISP was associated with the responses of performance (body weight gain) and bone-related (ash and phosphorus) variables to construct the standard curve. The results of performance and bone-related variables of the treatments with phytase addition were confronted with their respective standard curve to determine the total released phosphorus (RP) in grams. The equation below was used to obtain the nutritional matrix (bioavailability) of av P (BP) of the phytase enzyme, considering the feed intake (FI) of the broiler and the released phosphorus:
A cost analysis of the diets was performed to determine the economy of including phytase at different levels. For these calculations, were used data of phosphorus bioavailability, body weight gain and the dicalcium phosphate cost (Y = (4.865 x A) -(I x B), where Y is the economic response in US$/t; A is the cost per kilogram of dicalcium phosphate; I is the inclusion of the enzyme in kilograms per ton and B is the cost of kilograms of phytase). Considering the bioavailability of phosphorus calculated based on the tibia P, we have the following equation: Y = (6.270 x A) -(I x B). The amount of inorganic dicalcium phosphate which could be replaced by phytase inclusion (100 g/t, 500 FTU/kg) in the diet, based on the bioavailability found for this phytase inclusion, was calculated via linear equations taking into account the cost of the enzyme and of phosphate, as well as their addition, to obtain the best economic profit. The costs of dicalcium phosphate and enzyme (Phytafeed GR 5000G) were quoted in the first quarter of 2015, as US$ 0.50/kg and US$6.00/kg, respectively. Data were analyzed by the general linear models procedure of SAS (2002) . The errors in the statistical models were normally and independently distributed with constant variance. The viability variable was adjusted by ASEN (SQUARE ROOT (%VIABILITY/100). Means were tested by the Student Newman Keuls -SNK multiple-range test at 5% of significance.
Results

Performance
The positive control and negative control diets affected (p <0.05) feed intake, body weight gain and feed conversion ratio in the starter and total phases (Table 2 ). However, there was no effect (p <0.05) on viability. The reduction of ME, Ca and P led to decreases of 8.6 and 5.6% in feed intake, 12.3 and 9.9% in body weight gain, while feed conversion ratio increased by 5 and 8 points in the starter and total phases, respectively, in comparison to positive control diet. Supplementation with Escherichia coli phytase in the diet with nutrient reduction increased (p <0.05) feed intake and body weight gain and improved feed conversion ratio in all phases. Phytase addition increased feed intake by 7.0 and 5.7%, body weight gain by 8.9 and 8.4% and improved feed conversion ratio by 2 and 5 points in the starter and total phases, respectively, compared to negative control diet without phytase supplementation. The negative control + phytase treatment also provided a similar feed intake to positive control in the starter and total phases, and body weight gain also did not differ in the total phase. Phytase supplementation without nutrient reductions (Positive control + phytase) significantly affected (p <0.05) feed conversion ratio in the starter phase. Feed conversion ratio was improved by 2 points compared to positive control diet without phytase supplementation.
Digestibility
Apparent digestible energy and P digestibility in negative control were lower compared to the results obtained with positive control treatment (Table 3) . However, the digestibility of Ca was higher. There was a reduction of 113 kcal/g in the digestibility of energy (dry matter basis), a 5.3% decreased in the coefficient of P digestibility and an increase of 17.3% in Ca digestibility in negative control compared to positive control diet. Inclusion of Escherichia coli phytase in the negative control diet increased (p <0.05) dry matter digestibility, crude protein digestibility, apparent digestibility energy (dry matter basis) and P digestibility. However, there was no effect (p <0.05) on Ca digestibility. The digestibility coefficients of dry matter, crude protein and P increased by 0.6%, 1.7% and, 18.3%, respectively while apparent digestible energy rose by 123 kcal/g (dry matter basis) compared to negative control diet. The negative control + phytase diet also increased the digestibility of crude protein, Ca and P compared to the positive control diet. Escherichia coli phytase supplemented without nutrient reductions increased the digestibility of crude protein (0.3%), Ca (7.8%) and P (12.5%) and apparent digestible energy (dry matter basis) (70 kcal/g) compared to positive control diet.
Minerals in the tibia
The reduction of ME, Ca and P in the negative control diets was sufficient to ensure a low deposition of ash, Ca and P in the tibia of the broilers (p <0.01) (Table 4) . Ash, P and Ca were higher (p <0.01) in the negative control + phytase treatment group when compared to those of the group fed negative control diet without phytase, but they were similar to those of positive control group. The positive control + phytase group showed higher ash contents, but Ca and P deposition was similar to that of positive control treatment.
Bioavailability of phosphorus
The P bioavailability for body weight gain (BWG), feed conversion ratio (FCR) and tibia mineral deposition (ash and P) were calculated considering two increasing levels of P in the diets (Positive control = 1.71 g and Negative Control = 0). The fitted regression equation for BWG was Y = 840.58 + 5.99 X, where "X" is the amount of phosphorus (g). For FCR, The fitted regression equation was Y = 1.33 -0.03X, where "X" is the amount phosphorus (g). For bone ash, the fitted regression equation was Y = 35.59 + 1.63X, where "X" is the amount phosphorus (g). The regression equation fitted for tibia P was Y = 68.69 + 3.98X, where "X" is the amount phosphorus (g). The linear regressions for BWG and tibia P had higher coefficients of determination (R² = 0.93 and 0.60). Results pertaining to P bioavailability are shown in Table 5 . 
Cost analysis
One of the advantages of using phytase in the diet for broiler chickens is the financial aspect. Thus, an economic evaluation was carried out to quantify how much can be saved by reducing dicalcium phosphate and supplementing phytase, based on the results of P bioavailability. The body weight gain and tibia P variables showed consistent values (with higher R²) for performance and bone parameters, respectively.
Considering the costs of the sources of inorganic phosphorus and phytase and the inclusion (A= U$ 0.50; B= U$ 6.00 and I = 0.1 kg/t (500 FTU)), it was possible to save US$ 1.83 per ton of produced feed. In view of the expenses of the sources of inorganic phosphorus, phytase and the inclusion (A= U$ 0.50; B= U$ 6.00 and I = 0.1 kg/t (500 FTU)), it was possible to save US$ 3.72 per ton of produced feed.
Discussion
To check the efficiency of phytase used in diets with nutrient reduction on broiler performance, one must first prove that dietary reductions affect bird performance. Subsequently, the included phytase should be evaluated to determine the responses to the deficient diet and the diet that meets the requirement of the broilers. Nutrient reductions (ME, t Ca and av P) in the negative control diet were significant for impairing broiler performance. Thus, it was possible to observe the responses to the use of Escherichia coli phytase on broiler performance. Broiler chickens fed deficient diets showed decreased feed intake and body weight gain. Reductions in ME are usually compensated by an increased in feed intake (LEESON et al., 1996; HAHN-DIDDE; PURDUM, 2014) . However, the reduction of P acts in the opposite way, reducing the feed intake of broilers (VIVEIROS et al., 2002; LELIS et al., 2012; ROUSSEAU et al., 2012; LEE et al., 2017) . When broilers are fed P-deficient diets, their serum concentrations of triiodothyronine (T3), tetraiodothyronine (T4) and growth hormone (GH) decrease (PARMER et al., 1987) . In this sense, low levels of GH in P-deficient diets may be directly related to the development of the bird, since a bird that presents lower levels of this hormone will have its body weight gain reduced, which explains the lower feed intake.
Nutrient reductions in the negative control treatment also increased feed conversion ratio compared to the positive control diets. In this case, in addition to having a decline in their growth, the animals became less efficient in utilizing the diet. With the addition of the phytase, there was a significant improvement in feed conversion ratio, recovering some of the lost performance. Therefore, the Escherichia coli phytase was effective in releasing nutrients and improving performance. (2000) and Rousseau et al. (2012) attributed the better performance of broilers fed diets with phytase inclusion to increased feed intake. In the current study, the improved performance of broiler chickens fed diets with phytase inclusion can be explained by their higher feed intake and also better digestibility.
Evaluating digestibility is essential to assess the efficiency of phytase on nutrient availability. The digestibility of P was 18.34% higher with the addition of Escherichia coli phytase, which elevated the bioavailability of P, as shown in Table 5 . Thus, phytase was efficient in breakdown the phosphorusphytic acid complex, releasing minerals and making them available for absorption, increasing feed intake (SANTOS et al., 2008) . The increase in feed intake seen in the negative control + phytase treatment resulted in a 8.84% higher body weight gain compared to negative control treatment, from 1 to 42 days. Other studies have also demonstrated greater body weight gain stemming from increased feed intake from the addition of phytase to the diet (COWIESON et al., 2011; LIU et al., 2014) .
The Escherichia coli phytase supplemented without nutrient reduction was able to act on the phytate molecule, releasing the nutrients and improving the digestibility of crude protein, Ca and P compared to the positive control treatment. Thus, the positive control + phytase diet improved feed conversion ratio without affecting body weight gain compared to positive control treatment. According to Walk et al. (2014) , improvements in feed conversion ratio may be attributed to the breakdown of phytate and to the utilization of inositol utilization phytase. Other studies have also shown that phytase inclusion in broiler diets improves the ileal digestibility of P, amino acids, protein and ME (RUTHERFURD et al., 2004; SANTOS et al., 2008; COWIESON et al., 2017) . Our results corroborate those presented by O'Connor-Dennie and Emmert (2012) who also observed an improvement in feed conversion ratio after adding phytase to P-deficient diets. However, Ahmad et al. (2000) reported increased body weight gain but no effects on the feed conversion ratio of broilers supplemented with phytase without nutrient reduction.
Phytase supplementation is more effective in P-deficient diets than in P-sufficient diets for broilers (WATSON et al., 2006; KARIMI et al., 2011; SANTOS et al., 2013) . This assertion was confirmed in the present study. In diets with reductions of ME, t Ca and av P phytase promoted more benefits compared to its addition in the diet formulated according to the broiler's requirement. However, the inclusion of Escherichia coli phytase without nutrient reduction also proved to be efficient.
It is important to consider that regardless of how phytase is being used, an improvement in nutrient digestibility and bioavailability leads to decreased excretion to the environment, reducing soil and water contamination. The inclusion of Escherichia coli phytase in positive control diet improved the digestibility of Ca, but it was higher when phytase was supplemented in negative control diet. Because the calculation of digestibility considers what has been consumed and not absorbed, its utilization efficiency may have been higher due to the nutrient reduction. In another hypothesis, suggested by De Kort et al. (2009) , the formation of insoluble complexes between Ca and phosphate can be reduced by decreasing the concentration of Ca, which would improve the digestibility of both minerals. Ravindran et al. (2008) observed an improvement in the digestibility of Ca and P in diets with microbial phytase. In the current study, phytase also improved the digestibility of these minerals when it was supplemented without nutrient reduction. With the inclusion of phytase in negative control diet, we noticed improvements in the digestibility of P, but not for Ca. Sebastian et al. (1996) and Powell et al. (2011) also reported no increases in the digestibility of Ca. It is known that one of the factors that influence the bioavailability of minerals are the interactions that occur between them (BREMNER; BEATTIE, 1995; COZZOLINO, 2007) . Some authors have reported an increase in the apparent ileal digestibility of P by reducing the t Ca: av P ratio in broiler diets or simply reducing the concentrations of Ca (PLUMSTEAD et al., 2008; WALK et al., 2012a; WALK, 2013) . The significant increase in P digestibility resulting from the use of Escherichia coli phytase can be explained by the breakdown of the phytate structure, releasing molecules of P. Although there are other ions associated with the phytate molecules such as Ca, Mg, Fe and Cu, their proportion is lower than the P molecules, which in turn reduces the t Ca: av P ratio. Manangi and Coon (2008) observed that broilers have a better ability to utilize non-phytate P using a low t Ca: av P ratio, due to an increase in endogenous phytase (APPLEGATE et al., 2003) or a reduction of dicalcium phosphate precipitation in the small intestine (WALK et al., 2012b) .
Evaluating the efficacy of phytase on mineral deposition in the tibia is a measure of great relevance, because the bone tissue has the largest amount of these nutrients which can be used to determine its efficiency of utilization for deposition. In the current study, increased mineral availability and digestibility was evidenced by the ash, Ca and P content in the tibias of the broilers. According to Sakomura and Rostagno (2016) , bone deposition should be the key item in the study of the efficacy of phytase, since the highest concentration of minerals is present in the bones of the animal. If the tibia is mineralized, this indicates that the mineral was available and used by the animal. The mineral Ca and P contents in the tibia are in line with the animal performance and diet digestibility results observed in our study.
The lowest levels of minerals found in the tibia of the broilers fed the negative control diets can be explained by the P deficiency, which reduces the rate of bone matrix formation and delays the onset of mineralization (BAYLINK et al., 1971) . Parmer et al. (1987) evaluated low levels of P in broiler diets on bone parameters and found that P-deficient diets significantly reduced the amount of bone ash, as well as the length and width of the bone.
The inclusion of Escherichia coli phytase in the negative control diet increased the concentration of ash, Ca, and P in the bones, similarly to the result obtained with the positive control diet. Ahmad et al. (2000) also found similar values of ash, Ca and P in the tibias of broilers receiving treatments with reduced Ca and P, using phytase, compared with treatments without nutrient reduction. Rutherfurd et al. (2012) reported an increase in the tibia ash content in broilers fed P reduced diets with phytase. O'Connor-Dennie and Emmert (2012) used phytase (500 FTU/kg) derived from Escherichia coli and found an increase in tibia ash and a P release of at least 0.083%. Ribeiro Junior et al. (2016) supplemented diets with three levels (250, 500 and 1000 FTU/kg) of Escherichia coli-derived phytase and observed of 80, 103, and 164% in tibia ash weight and 128, 198, and 330% in tibia P content, respectively.
In an experiment with phytase inclusion without nutrient reduction, Ahmad et al. (2000) observed an increase in the concentration of all minerals compared to the control diet. This was not observed in the current study, where higher levels of ash were only obtained with the positive control treatment. However, according to Jiang et al. (2013) , the mineral content in the tibia is closely related to the concentration of av P. Thus, phytase released the P present in the phytate molecule.
Escherichia coli phytase also improved P bioavailability. Based on the evaluated performance and bone-related variables, body weight gain and tibia P best represented the bioavailability. These were used to determine the economic viability. Although the bioavailability of P calculated from bone ash is the most widely used parameter, the bone P variable showed a better fit. Although ash was not used in the calculations of economic viability in the current study, this parameter is correlated with the amount of P in the bones. Pillai et al. (2006) found an R 2 of 0.72 and a bioavailability value of 0.16% for P calculated based on the tibia ash of broilers using phytase derived from Escherichia coli. In our study, we found the same results. Based on the bioavailability values of 0.090% for body weight gain and 0.116% for tibia P, we determined the minimum cost of dicalcium phosphate (kg) using phytase. If the price of dicalcium phosphate is higher than US$0.12 and US$0.10/kg, according to body weight gain and tibia P, respectively, it is viable to use supplementation with Escherichia coli phytase.
Conclusion
Dietary supplementation with phytase produced from Escherichia coli for broiler chickens is recommended, as it increases the production performance, nutrient digestibility and energy metabolizability of those broilers and lowers the diet cost.
